The inner ear is a complex sensory organ responsible for balance and sound detection in vertebrates. It originates from a transient embryonic structure, the otic vesicle, that contains all of the information to develop autonomously into the mature inner ear. We review here the development of the otic vesicle, bringing together classical embryological experiments and recent genetic and molecular data. The specification of the prospective ectoderm and its commitment to the otic fate are very early events and can be related to the expression of genes with restricted expression domains. A combinatorial gene expression model for placode specification and diversification, based on classical embryological evidence and gene expression patterns, is discussed. The formation of the otic vesicle is dependent on inducing signals from endoderm, mesoderm and neuroectoderm. Ear induction consists of a sequence of discrete instructions from those tissues that confer its final identity on the otic field, rather than a single all-or-none process. The important role of the neural tube in otic development is highlighted by the abnormalities observed in mouse mutants for the Hoxa1, kreisler and fgf3 genes and those reported in retinoic aciddeficient quails. Still, the nature of the relation between the neural tube and otic development remains unclear. Gene targeting experiments in the mouse have provided evidence for genes potentially involved in regional and cell-fate specification in the inner ear. The disruption of the mouse Brn3.1 gene identifies the first mutation affecting sensory hair-cell specification, and mutants for Pax2 and Nkx5.1 genes show their requirement for the development of specific regions of the otic vesicle. Several growth-factors contribute to the patterned cell proliferation of the otic vesicle. Among these, IGF-I and FGF-2 are expressed in the otic vesicle and may act in an autocrine manner. Finally, little is known about early mechanisms involved in guiding ear innervation. However, targeted disruption of genes coding for neurotrophins and Trk receptors have shown that once synaptic contacts are established, they depend on specific trophic interactions that involve these two gene families. The accessibility of new cellular and molecular approaches are opening new perspectives in vertebrate development and are also starting to be applied to ear development. This will allow this classical and attractive model system to see a rapid progress in the near future. © 1998 Elsevier Science Ireland Ltd.
The inner ear: a complex organ with multiple sensorial functions
The inner ear is a sensory organ responsible for the senses of hearing, balance and detection of acceleration in vertebrates. The inner ear is composed of a closed epithelial layer that is diversified into specific regions containing the sensory-transducing elements, the hair-cells, as well as other supporting and secretory cell types. Hair-cells are specialized mechano-receptors and are located within a highlyordered and complex topological organization. The epithelium is contained within an osseus structure of its same shape, floating within a cushion of perilymph and filled with endolymph. The endolymph is formed by the stria vascularis (tegmentum vasculosum in birds) and has a high concentration of K + and a low concentration of Na + , essential for the process of transduction by hair-cells. The ionic gradients established between the endolymph and the intracellular compartment generate the electromotive forces that depolarize the hair-cell membrane upon opening of mechano-sensitive K + channels.
The sensory epithelium of the ear is heterogeneous in structure and function. Different specialized regions are responsible for the diverse functions of the organ: the vestibular portion of the ear is responsible for the senses of motion and position, whereas the auditory or cochlear region is responsible for the sense of hearing (Fig. 1) . Stimuli related to vestibular functions are endogenously produced by movement of the endolymph through the semicircular canals and by the position of the otholiths within the utricle and saccule. They are recorded by haircells in the ampulae and maculae, which detect the direction and speed of the circulating fluids and otolith movements. Sound stimuli have their origin in the surrounding environment and are transmitted to the inner ear through the middle ear. Specialized structures convert sound waves into mechanical vibration of the endolymphatic fluid, which results in the stimulation of the auditory hair-cells and the generation of electrical activity.
Hair-cells are innervated by sensory neurons that project towards the vestibular and auditory nuclei in the brainstem. Their somas are located within two ganglia, reflecting again the dual function of the organ: neurons of the vestibular ganglion innervate the vestibular hair-cells and project towards vestibular nuclei, and neurons of the auditory (cochlear) ganglion innervate cochlear sensory epithelium and project towards the cochlear nuclei. Position-and acceleration-detection require a precise axis orientation of the vestibular apparatus. Sound-wave frequency discrimination is based on the position of the hair-cells along the longitudinal cochlear axis, which is correlated with the position of the sensory neurons in the cochlear ganglion. This tonotopical order is conserved in the central auditory nuclei, where sensory neurons project, reproducing the hair-cell order in the cochlea. Thus, in addition to cell diversification, spatial patterning is an essential requirement for the correct function of the inner ear. The organization of the vestibular region is very similar among the different vertebrate classes, whereas the auditory part is nearly absent in aquatic vertebrates and shows increasing degrees of complexity in terrestrial animals.
Despite its complexity and multiple functions, the origin of the inner ear epithelium is simple. Except for the melanocyte cells of the stria vascularis -the secretory epithelium of the cochlea -which are of neural crest origin, all cellular components of the otic epithelium derive from the embryonic otic vesicle. The neurons of the cochlear and vestibular ganglia also derive from the otic vesicle. Therefore, the study of the development of the inner ear is very much the study of the development of the otic vesicle. Here, otic vesicle development is reviewed in the light of embryological, genetic and molecular data, from early inductive events to the establishment of innervation and cell differentiation. Excellent reviews on particular aspects of ear development such as genetics, cell-fate specification and neurotrophic factors should be consulted by the reader (Fekete, 1996; Steel and Brown, 1994; Fritzsh et al., 1997) .
Early stages of otic development
The vertebrate inner ear derives from the embryonic ectoderm, whose initial developmental steps are illustrated in Fig. 2 . The otic vesicle derives from an ectodermal placode, whose prospective region localizes to the surface ectoderm region closest to the neural plate. The earliest morphological evidence for the primordium of the ear is the otic placode, a thickened area of ectoderm close to the hindbrain (Fig. 2C , in orange). It can already be recognized in apposition to the neural tube in the 3-6 somite embryo, depending on the animal species. The otic placode invaginates to successively form the otic cup ( Fig. 2D ) and the otic vesicle, an ellipsoidshaped structure lined by a pseudo-stratified epithelium (Fig. 2E) . The cochlear and vestibular neurons are formed very early in development by delamination from the otic cup (Fig. 2D) . Initially, they form a single structure, the cochleovestibular ganglion, which splits into the cochlear and vestibular ganglia as development proceeds. The otic vesicle undergoes a distinct period of intense proliferative growth prior to differentiation. An excellent summary of the timing of the early stages of ear development in several vertebrates can be found in Anniko (1983) . Following the proliferation period, the otocyst enters a differentiation phase, during which morphogenesis and patterned development of specific cell types takes place (Fig. 2F) .
Otic genes
In recent years, a large number of genes expressed in the Streeter, 1906) . Right drawing identifies the different anatomical and functional regions of the organ. Line drawings represent schematic enlargements of the vestibular and additive sensory epithelia, showing the disposition of the hair and supporting cells. In the vestibular patches, type I and II hair-cells (TI and TII, respectively) are homogeneously distributed among the supporting cells (SC). In the Corti organ, outer hair-cells (OHC) arrange in three longitudinal rows and inner hair-cells in a single one, extending along the whole cochlea. Sensory patches of each functional region are indicated: cristae of the ampulae, maculae of the utricle and saccule and Corti organ in the cochlea. 
Transcription factors
Dlx-2 X-dll-4/X-dll-1 dlx-2 − − + Maculae Bulfone et al., 1993; Akimenko et al., 1994; Robinson and Mahon, 1994 Dlx-3 X-dll-2 dlx-3 + + − Early placodal ectoderm, dorsal OV and ototcyst, SCCs Ekker et al., 1992; Dirksen et al., 1994; Papalopulu and Kintner, 1993; Akimenko et al., 1994; Morasso et al., 1995 Dlx-4 dlx-4 − + + Medial OV, maculae Akimenko et al., 1994; Simeone et al., 1994 Nkx5 .1 GH-6 + + + Lateral and dorsal OV, excluded from sensory areas Stadler and Solursh, 1994; RinkwitzBrandt et al., 1995 RinkwitzBrandt et al., , 1996 Wilkinson et al., 1989; Tannahill et al., 1992; Mahamood et al., 1995 developing ear have been isolated. , are also expressed at the placode stage (see Table 1 for references, and Fig. 3) .
Most of the genes expressed at the otic placode stage maintain their expression in the otic vesicle, but typically restrict their expression domain, suggesting their implication in the regional patterning of the otic vesicle (Fig. 3) . In the absence of available references to compartments or functional domains within the otic vesicle, genes expressed at this stage can be grouped as dorsal-lateral on one side, and medial-ventral on the other. Dorso-lateral aspects of the otic vesicle express dlx3, Nkx5.1, mshD, mshC, gbx3, Sox9, lmx1, bmp7, sek1 and p75. Medial and ventral aspect of the otic vesicle express dlx4, msal, Pax2, bmp4, fgf2, notch and Ncam (see Table 1 for references, and Several genes are expressed at differentiation stages, correlating with the generation of sensory and secretory organs. Some such genes are expressed in the sensory patches: dlx2, dlx4, mshC and D, Ghox7, msal, lmx1, the glucocorticoid receptor gene (GCR), bmp4, fgf3, sek1, p75, fgfr1 and Ncam, while others are restricted to non-sensory organs: Nkx5.1, bmp7 and Lcam.
Experimental studies on early ear development
Early studies on the determination of ear ectoderm can be traced to the mid-twenties and were reviewed by Yntema (1933) . This author explored the induction and determination of the otic field by studying the development of ears derived from foreign ectoderm transplanted to the otic region and the development of otic primordia placed outside normal otic regions. Yntema's early work showed first that the ear primordium was fully determined immediately after the closure of the neural tube, but not before, and second, that the ability of the ectoderm to develop into an ear was dependent on its proximity to the prospective ear region, defining a progressively restricted area of otic competence in the ectoderm (Yntema, 1933) . Similar questions were addressed in chick embryos by Waddington (1937) . Both authors suggested that specification and commitment of the otic field were acquired by the ectoderm via inductive signals from the surrounding tissues, mesoderm and neuroectoderm. The problem of induction was approached by Yntema (1950) by combining grafting experiments of ectoderm from outside or inside the prospective otic region, along with the timing of the operation, to dissect inductive activities and competence properties. He identified an early inductive action from the mesoderm, which overlaps with a second neural inductive wave. In parallel, the ectoderm displays two cycles of competence to respond to mesoderm and neural activation. This concept of successive steps in ear formation was postulated by Harrison (1945) and is the basis of the modern understanding of early ear development.
Exploring the induction of ectodermal placodes in amphibia, Jacobson (1966) postulated the idea of a common plan for placodal development. This author performed rotation experiments on amphibian embryos of the stripe of head ectoderm, from which nose, lens and ear placodes are derived (see Fig. 2 ). Reversing the antero-posterior (A-P) axis of this ectodermal stripe gave rise to the different sense organs at their correct locations with respect to the embryonic A-P axis. The transplanted prospective placodal region thus displays multiple competence to develop into any sense organ placode, if placed in an adequate environment. Similar experiments performed at the late neurula stage resulted in ectopic sense organ development, showing that each placode is already committed to its particular fate by this stage (Jacobson, 1963) .
In addition, Jacobson (1963) dissected the inductive processes, assigning roles and the relative contribution of each embryonic layer to the specification of the three sense organs. Regarding ear induction, Jacobson determined the sequential influence of endoderm, mesoderm and neuroectoderm, which operate in a cumulative manner. In Jacobson's view, inducing signals are not only additive, but also equipotential and interchangeable. The concept of equivalence of the different inducing signals, however, is not necessarily true, nor is the view of induction as a continuous process. The timing of otic field specification within the ectoderm has recently been examined by Gallagher et al. (1996) . Presumptive otic ectoderm was labeled to allow its identification, and transplanted into the otic region of an unlabeled host at different stages of development. The results indicated that specification of the otic field may be completed by the late gastrula stage, when the ectoderm surrounding the otic field loses its potential to develop into ear structures.
Basic processes in the development of the otic vesicle
An attempt to describe basic processes in early ear development, their time sequence and the possible source of instructing signals is displayed schematically in Fig. 4 . The acquisition of the placodal competence by the stripe of ectoderm surrounding the neural plate is probably the first step in ear development. This process starts at the early gastrula stage, when prospective placodal ectoderm acquires placodal competence and is maximal during the period in which the prospective placodal ectodermal stripe is able to develop into any of the placode derivatives, if placed in the adequate position. Next is the specification of the otic field, by which placodal competence is restricted to the prospective ear region (Jacobson, 1966; Gallagher et al., 1996) and it is fully achieved when overlap between competent and prospective ectoderm is complete. This stage is probably determined by the activity of earlyexpressed genes. Cell-to-cell communication and cell exchange is restricted so that the otic ectoderm is functionally isolated from the surrounding ectoderm (Vazquez et al., 1996) . The otic field progressively acquires its identity, becoming committed to the otic fate and eventually reaching an irreversible state of determination. This state can be defined as the property of the otic field to develop into an ear independently of the embryonic environment (Waddington, 1937; Jacobson, 1963; Swanson et al., 1990) or when isolated and grown in vitro (Gallagher et al., 1996) and is fully achieved by the otic vesicle stage. Finally, the first symptoms of regional and cell-fate specification of the otic vesicle may be related to the earliest stage of regional gene expression and to the first events of cell differentiation, respectively. Both events begin around the otic placode stage and extend through the whole embryonic development until the early post-natal stage (see Table 1 , Fig. 2 and  below) .
In summary, defined properties and temporal landmarks can be assigned to the initiation and completion of each of the processes detailed above: placodal competence, patterning, commitment and cell-fate specification. As already discussed, they depend on inductive signals from the surrounding tissues up to a certain stage. Since these processes overlap extensively in time, they might not be completely independent. In addition, the same set of inducing signals, acting at different times, may serve to specify different processes during ear development. Some of them may even be redundant during a certain period of time, providing the embryo with a strong safety factor for some aspects of Fig. 4 . Critical processes in ear development. The different curves represent the degree to which each of the processes is achieved. Icons above mark the approximate relationship between the processes represented by the curves and developmental stages (as defined in Fig. 2 ). The definition of the processes represented is detailed in the text. Bar diagram below the curves represents the time period during with each germ layer is believed to exert its main influence on otic development (Jacobson, 1963) . ear development. In agreement with this view, despite the large number of ear mutations isolated in the mouse (Steel, 1995) and in a recent large-scale mutant screen in zebrafish Whitfield et al., 1996) , no single mutation provokes the complete agenesis of the otic vesicle, nor the complete absence of its sensory organs.
The role of transcription factors in specification of the otic field and placode identity: a combinatorial repression model
The head ectoderm develops three pairs of sensory placodes, nose lens and ear from anterior to posterior along with those that generate the neurons of some cranial sensory ganglia. Transcription factors and particularly homeoboxcontaining genes, have been shown to specify regions and cellular identities in the development of many embryonic structures. Several transcription factors are expressed in the prospective otic field and otic primordium (see Table 1 ). A number of these factors are early genes, expressed in prospective otic regions before the placode stage and in the whole otic field at the placode stage, thereby representing candidates to specify otic field and identity. These include homeobox genes of the six and dlx families (see Table 1 ). Interestingly, these factors are expressed in more than one sensory placode. This tendency also appears in early placodal genes not expressed in the otic region, such as six3 and Pax6 (Walther and Gruss, 1991; Oliver et al., 1995a) . Sine oculis and eyeless, the fly homologues of the six and Pax6 genes, respectively, are important for the specification of eye character in the fly (Cheyette et al., 1994; Hadler et al., 1995) . Table 2 summarizes the available data on early-expressed, non-restricted transcription factors in the special sense placodes. None of these genes is specific for a single placode nor is any expressed in all three of them. Specific combinations of genes rather than single gene expression thus appears to be characteristic for each placode. We propose a possible model in which the specific combinations of transcription factors determine the fate and characters of each sensory placode. Functional analysis of the candidate genes will identify the actual genes involved in the specification of placodal fields and identities and will test the validity of this model.
The early expression pattern of the fish dlx3 suggests, in addition, a mechanism by which the combinatorial expression of the different transcription factors might be achieved. At the early neurula stage dlx3 is expressed in a continuous stripe, strikingly coincident with the ectodermal region of multi-placodal competence described above (Akimenko et al., 1994; Fig. 2) . Later on, when placode potential begins to be restricted, its expression is downregulated all over the stripe except in the prospective otic and olfactory areas. This expression pattern recapitulates the developmental potential of the prospective placodal ectoderm and indicates a mechanism by which the initial multipotent placodal state of the ectoderm may change to regionally-specified and developmentally-committed fields. This mechanism is outlined in Fig. 5 , idealized for three placodes and three hypothetical genes contributing to placodal identity. The initial multipotential state might be characterized by the universal expression, within the multi-placodal competent ectoderm stripe, of genes contributing to placodal identity. This state would be achieved by the activation of the expression of the relevant genes by early signals from the inducing tissues, without any A-P restriction. Later in development, A-P-restricted signals from surrounding tissues would downregulate gene subsets in each specific placodal region and in the interplacodal regions, resulting in the particular gene code for each placode. This model accounts for the experimentally-defined state of multiplacodal competence, characterized by the expression of all the genes required to specify any placode and for the progressive restriction of the ability of each region to change its identity, characterized by the irreversible loss of the transcription factors required to achieve a different code.
The role of the neural tube in ear development
Classical experiments have already highlighted the relevance of the neural tube for ear development in vivo (Yntema, 1933 (Yntema, , 1950 Waddington, 1937; Jacobson, 1963) . Experiments on in vitro explanted otic primordia showed that formation of the otic vesicle from placodal or pre-placodal stages requires the rhomboencephalic neural tube (Noden and Van De Water, 1986; Represa et al., 1991a) . Van de Water and Conley (1982) studied the nature of the interaction in transfilter experiments, concluding that no cell interaction was necessary for induction from the neural tube. Diffusible molecules from the neural tube are therefore thought to be responsible for the instructive signals. At least some of the neural tube signals are not homogeneous in the A-P axis; the posterior part of the rhomboencephalon is able to respecify head ectoderm to acquire the otic fate, inducing otic vesicles from the head ectoderm (Waddington, 1937) . Jacobson (1963) suggested, however, that after the stage of the neural plate, the neural signal is not positionally restricted, since rotations of the neural plate induce the different sensory placode-derived structures in their normal positions. The apparent conflict between these two sets of experiments may reflect two different properties of the neuroectoderm, one as a source of restricted signals that specify the otic field and the other as a source of non-restricted permissive signals, which allow otic development once a certain stage has been reached. These types of experiment need to be validated by labeling transplanted neural tube with cell tracers and by examining the induced structures with otic markers. Early attempts along this line were made by Gallagher et al. (1996) in amphibia. They showed that by the stage of the neurula, the hindbrain still retains a strong capacity to induce otic vesicle formation from placodal competent ectoderm (Gallagher et al., 1996) . This observation is somewhat surprising, considering that by this stage the otic ectoderm is fully specified and has reached a high degree of commitment to the otic fate (see above). These results point to strong signal redundancy and to an extension in time of the instructing capacities of the neural tube, far beyond the true requirement of the genuine responding tissue. Genetic analyses in mouse and zebrafish models have provided further evidence of the role of the neural tube in otic vesicle development. A considerable number of classical and gene-targeted mutations have been described in the mouse (Deol, 1966; Steel, 1995) and isolated in a recent large-scale screen in zebrafish (Whitfield et al., 1996) , whose primary defects appear to affect neural tube development and show associated inner ear defects. Deol applied the ideas on otic induction to the development of the mammalian inner ear, based on the analysis of abnormalities observed in kreisler (kr/kr) and dreher (dr/dr) mutant mice (Deol, 1964 (Deol, , 1966 . At the same time, Deol set the problem in the framework of gene action, suggesting that, directly or indirectly, neural genes influenced the development of the ear, since defects of ear morphogenesis were consistently associated with inherited neural tube defects. Molecular and expression analysis of the genes responsible for such phenotypes has confirmed that they are in fact expressed exclusively or principally in the neural tube. Most of the genes identified encode transcription factors, which necessarily affect ear development indirectly by specifying particular neural tube characteristics. Only one of the characterized molecules, FGF-3, is a secreted factor and it stands as the only known mediator of the neural tube actions on inner ear development.
Two of the transcription factors identified, the homeobox gene Hoxa-1 (Mark et al., 1993 ) and the factor encoded by the kreisler gene (Cordes and Barsh, 1994) , display expression patterns and mutant phenotypes restricted to the anteroposterior neural tube axis, stressing the importance of A-Pregionalized signals from the neural tube. The mouse kreisler mutation was identified in an X-ray mutagenesis screen and characterized by vestibular defects leading to circling behavior and deafness (Hertwig, 1944) . Kreisler mutant embryos have alterations in the otic vesicle, which is malformed and displaced away from the neural tube (Deol, 1964) . Analysis of hindbrain development in the kr mutant has revealed that there is a rhombomere patterning defect, consisting of the loss of rhombomeres 5 and 6, as judged from the alteration in the Hox gene expression observed (Frohman et al., 1993; McKay et al., 1994) . The kr gene encodes a basic domain leucine zipper and shows transcriptional activity on Hoxb3 (Manzanares et al., 1997) . Its expression is highly restricted to rhombomeres 5 and 6 (Cordes and Barsh, 1994) . The mouse kr gene is identical to the avian mafB gene, expressed very early during embryonic development in ectodermal and mesodermal layers. In the hindbrain, it is expressed in rhombomeres 5 and 6 from the five-somite stage until the third day, showing sharp inter-rhombomeric boundaries, but diffuse labeling at the neural folds that extends caudally to r7-r8 (Eichmann et al., 1997) .
The fgf3(int2) gene was discovered as a proto-oncogene (Peters et al., 1983; More et al., 1986 ) and later demonstrated to belong to a family of secreted molecules related to the fibroblast growth-factors (Dickson and Peters, 1987) . There are currently ten members of this gene family which interact with a corresponding family of at least four transmembrane tyrosine-kinase receptors, the fgfr1-4 (Yamaguchi and Rossant, 1995) . The suggestion that fgf3 is important for ear development came from the study by Wilkinson et al. (1988) , showing that fgf3 transcripts are strongly expressed in the hindbrain of the early somite mouse embryo, close to the otic region. Studies with the chicken fgf3 (Mahamood et al., 1995) and the Xenopus homologue (Tannahill et al., 1992) showed similar patterns, although with some interesting species-specific differences in the expression dynamics.
fgf3 expression is reduced in kreisler (Frohman et al., 1993; McKay et al., 1994) and hoxa1 -/-mutant mice (Mark et al., 1993) and it is absent in retinoic acid-deficient quail embryos (Maden et al., 1996) . These three conditions are associated with delayed formation and gross morphological alterations of the otic vesicle, suggesting that fgf3 plays an important role in the correct development of the otic vesicle.
In vitro, fgf3 antisense oligonucleotides and anti-FGF-3 antibodies inhibit the invagination and reduced mitotic activity of the otic primordium (Represa et al., 1991b; Quin and Kirby, 1995) and the nodose ganglion (Quin and Kirby, 1995) . However, targeted disruption of the fgf3 gene does not produce such an early phenotype but rather affects the differentiation of the otocyst with incomplete penetrance (Mansour et al., 1993) . Despite the extensive expression of fgf3 in the early embryo, including the primitive streak and the hindbrain, mice carrying a null mutation for fgf3 show no apparent defects in gastrulation or brain development, suggesting that there are compensatory effects of related molecules (Mansour et al., 1993; Kinoshita et al., 1995) . On the other hand, the phenotype observed in vitro might reflect the impossibility to compensate for fgf3 function in this system. In summary, although there is a relation between fgf3 expression and early ear development, the precise role played by fgf3 in the formation of the otic vesicle is not yet clear. Another mouse mutation, Splotch, provokes dorsal neural tube and neural crest defects associated with inner ear morphogenetic defects (Russell, 1947; Deol, 1966) . Pax-3, the transcription factor encoded by the Splotch locus, is a member of the paired-box family expressed in the dorsal neural tube and neural crest but not in the otic vesicle (Epstein et al., 1991; Goulding et al., 1991) . Inner ear defects in Splotch mutants appear to have two different origins, gross defects in the dorsal neural tube affect inner ear morphogenesis, while neural crest defects result in the lack of strial melanocytes in the cochlea. The morphogenetic defects suggest that dorsal-specific signals from the neural tube might play a role in otic development. Defects of the strial melanocytes, associated with general neural crest defects, have been described in several mouse and human mutants coding for a variety of molecules expressed in neural crest derivatives (reviewed in Steel and Brown, 1994) . The absence of strial melanocytes results in impaired hearing due to primary inadequate endocochlear potential and secondary degeneration of sensory epithelium.
In conclusion, even though several neural genes affecting the ear have been studied, there is still little definition of the particular characteristics that the neural tube is able to induce on the otic competent tissues. The nature of the defects needs to be assessed by careful description of the resulting ear phenotypes and by studying the expression of genes with known otic domains at different developmental stages.
Cell proliferation in the otic vesicle
The otic vesicle goes through a distinct period of proliferative growth that precedes the differentiation of the diverse cellular phenotypes of the adult inner ear. The cochleo-vestibular ganglion (CVG) also goes through a period of intense cell proliferation until neuroblasts are postmitotic and start to differentiate (D'Amico-Martel and Noden, 1983) . Cell proliferation of the otic vesicle is under the control of growth-factors. In vitro studies have shown that serum, bombesin and several growth-factors are able to reinitiate DNA-synthesis and cell proliferation of quiescent otic vesicles (Represa et al., 1988) and that retinoic acid counteracts this effect (Represa et al., 1990) .
Among the growth-factors involved, those belonging to the insulin family, insulin and insulin-like growth-factors (IGFs), play an important role in otic development. The effects of IGF-I on the otic vesicle have been studied by León et al. (1995b) , who showed that IGF-I induced DNA synthesis, increasing cell number and mitotic rate in a concentration-dependent manner. IGF-I stimulates growth in the cochleo-vestibular ganglion and, to date, it is the most efficient growth factor to mimic both serum and normal development during the proliferative period of the otic vesicle. Insulin and IGF-II are also able to induce growth of the otic vesicle, but with a lower potency. During the stages of proliferative growth, IGF-I is expressed in the otic vesicle and CVG and it binds with high affinity to specific receptors (León et al., 1995b) . IGF-I-expression occurs in the lateral and ventral aspects of the otic vesicle. This suggests that it may act on restricted areas of the otic epithelium, in an auto/ paracrine manner. Such a mechanism would account for the regional differences in growth rate observed in the otic vesicle. Taken together, all these features make IGF-I an interesting candidate for regulation of cell-division during the normal development of the otic vesicle.
The mitogenic action of IGF-I and other growth-factors is associated with an increase in glycosyl-phosphatidylinositol (GPI) turnover (Varela-Nieto et al., 1991; Represa et al., 1993) and the rapid induction of c-fos gene and protein (Represa et al., 1990; León et al., 1995a) . The c-fos protooncogene is conserved in vertebrate evolution. It belongs to a group of rapidly-induced genes encoding transcriptionmodulating proteins. Fos forms heterodimers with members of the c-jun family and binds with high affinity to AP-1 sites, functioning as a transcription factor for various genes. c-fos is an essential element in the propagation of mitogenic signals regulating the expression of secondary genes, which ultimately leads to cell division (Morgan and Curran, 1991) . Fos expression is developmentally regulated and rapidly and transiently induced by growth-factors that stimulate cell proliferation in the otic vesicle. Antisense oligonucleotides targeted against c-fos inhibit Fos expression and the growth of cultured otic vesicle (León et al., 1995a,b) . Recent studies indicate that c-jun is also expressed in the otic vesicle, showing a dorsallyrestricted pattern (Sanz et al., unpublished data) . Expression domains of c-fos and c-jun overlap only partially, suggesting that combinations of different fos and jun family members may serve to pattern proliferative growth in the otic vesicle.
Retinoic acid (RA) influences regional patterning and specification of several cell phenotypes during embryonic development (Conlon, 1995) , and it has been suggested that it regulate cell differentiation in ear development (Represa et al., 1990) . Retinoic acid is able to arrest growth factorinduced cell proliferation and, in parallel, stimulates the differentiation of sensory and secretory cell types (Represa et al., 1990) . This role for RA is also supported by results showing that the developing ear contains retinoic acid receptors and binding proteins (Mendelsohn et al., 1991; Ruberte et al., 1993) . In addition, the otocyst is able to synthesize retinoic acid, which leads to formation of supernumerary hair-cells . c-fos is downregulated by RA in parallel to the inhibition of the cell division rate. RA-dependent differentiation does not occur, however, if Fos has not been allowed to increase previously by adding antisense oligonucleotides (León et al., 1995b) . c-fos increase and downregulation therefore seems to be a necessary sequence for the action of RA. Nonetheless, c-fos regulation is certainly not the only mechanism involved in RA-induced hair cell formation, since c-fos downregulation alone was unable to reproduce RA-induced patches of differentiated otic epithelium (León et al., 1995a) .
Regional and cell-fate specification
Derivatives of the otic placode include a wide range of cellular phenotypes whose generation implies a series of cell-fate decisions during otocyst differentiation. In addition, several phenotypes are segregated into specialized areas in a highly-ordered manner. The first lineage to differentiate, and the only one to leave the otic epithelium, is the neuronal lineage. Neuroblasts can already be observed delaminating from the otic epithelium from ventral areas in the vicinity of the neural tube at the optic cup stage (Fig. 6) . Neuronal markers such as b-tubulin are already expressed by interspersed cells in the otic epithelium, suggesting that neuroblast cell fate is specified within the epithelium, before cells delaminate. Transplantation experiments in the chick have shown that neither the potential to generate neurons nor the identity of the neurons generated by the otic placode is determined before the placodal stage (Vogel and Davies, 1993) . Specification of the neuroblast lineage must therefore occur simultaneously with, or immediately after, the irreversible determination of the otic placode, and it marks the starting point of the cell-fate specification period indicated in Fig. 3 . Delamination of single neural precursors from the neuroectoderm is a typical feature of neurogenesis in Drosophila, where lateral inhibition acts as a mechanism of singling out neuroblasts precursors (Jan and Jan, 1993) . Vertebrate homologues of the fly genes involved both in lateral inhibition (c-Notch, c-Delta, c-Serrate) and neuroblast determination have been cloned and some are expressed in the otic primordium (Table 1) . Functional studies of these genes will clarify their role in the otic neurogenic process and establish whether mechanisms similar to those described in the fly are conserved.
After the otic vesicle is formed, extensive morphogenetic processes take place to effect the final architecture of the organ. Concomitantly, the otic epithelium diversifies, differentiating the sensory areas of the cristae, maculae and organ of Corti (basilar papilla in the chick). Each sensory area has its characteristic morphology but responds to a general pattern, the presence of two different cell types, the hair-cells (sensory) and the supporting cells. The description of specific markers for sensory areas has allowed study of the generation pattern of the different sensory organs in the chick otic anlage . BMP-4 is expressed in all sensory areas, the low-affinity NGF-receptor p75 is expressed in the cristae, and the homeobox-containing gene Msx is also expressed in the cristae and in two avian-specific areas, the lagena and the macula neglecta. BMP-4 is already expressed at the otic cup stage in two restricted patches flanking the neurogenic area. This may indicate that segregation of the sensory regions from non-sensory areas is a very early event in development. Although the lineage relationships between the different sensory areas is unknown, the evolution of the BMP-4 expression pattern suggests that some originate by segregation from an initially continuous prospective sensory area, while others may appear de novo. The fact that sensory organs of different structures and functions, such as the posterior crista and the organ of Corti, may arise from common early sensory patches , suggests that regional specification and morphogenesis is superimposed on the specification of cell fate in order to define the position and character of each sensory region. In addition, considerable gene redundancy may exist for the specification of sensory areas, since no mutants lacking all sensory areas have been described either in the mouse or in the zebrafish (Steel, 1995; Whitfield et al., 1996) .
Two candidate genes contributing to regional and/or morphogenetic processes of the inner ear are the homeobox Nkx5.1 and the paired box Pax2. Targeted mutation of Nkx5.1 in the mouse results in agenesis of the semicircular canals and circling behavior (Hadrys et al., 1998) , while targeted mutation of Pax2 provokes agenesis of the cochlear region (Torres et al., 1996) . Even though fish can hear, they do not develop a cochlea or any other distinct auditoryspecific region. Mutations in pax-b, the zebrafish counterpart of Pax2, do not affect ear development , suggesting that its function in the inner ear has evolved together with the acquisition of the specialized auditory regions in terrestrial animals. Both Pax2 and Nkx5.1 are expressed from the otic cup through the vesicle stage in a complementary fashion, with Pax2 labeling the regions closer to the neural tube and Nkx5.1 labeling the regions closer to the surface epithelium (Rinkwitz-Brandt et al., 1996 and Fig. 3 ). Up to day 10 of mouse development, however, the expression domains of either gene are unchanged in mutants for the other, (E. Bober, pers. commun. and M. Torres, unpublished data) . In situ rotation of the otic vesicle in the chick 180°around its vertical axis results in reprogramming of the Pax2 expression domain, so that it is reconstituted with respect to surrounding tissues (Lindberg et al., 1995) . These results indicate, first, that specification of the diverse regions corresponding to anatomical and functional compartments of the adult organ starts shortly after the placodal stage, second, that these regions are not determined until after the vesicle stage, and, third, that external signals, rather than regulatory circuits between these two genes, appear to restrict their expression domains.
At the vesicle stage, the otic primordium is developmentally autonomous and contains all of the information concerning the organization of the membranous labyrinth and the cellular phenotypes of the adult organ (Swanson et al., 1990) . Later, at embryonic day 11 in the mouse (equivalent to E-4 in the chicken), explanted portions of the otocyst generate specific parts of the organ in a reproducible manner, showing that most regionalization is already specified by this stage (Li et al., 1978) . From this moment, corresponding to the end of the intense proliferative period of the otic vesicle, it is possible that a connection exists between patterning and cell proliferation. The regional expression of the mitogen-induced transcription factor cjun (Sanz et al., unpublished data) may be a molecular correlate of this link between proliferation and patterning.
Another critical developmental decision is the specification of hair-cell against supporting cell identity. This probably occurs once the sensory areas have been determined. Mouse Brn3.1, a Pou-domain transcription factor gene, is expressed in the hair-cells of all the sensory areas of the otocyst (Erkman et al., 1996) . Targeted mutation of this factor causes the loss of hair-cells in the inner ear, showing that its activity constitutes an absolute requirement for the generation of this lineage (Erkman et al., 1996) . Development of the supporting cells also appears impaired in these mutants, suggesting that trophic interactions are required to support this cell lineage. Cell-lineage tracing using retroviral infection suggests that the hair-and supporting-cell lineages arise from a common progenitor and do not segregate until very late in development, perhaps at the last cell division (Fekete et al., 1995) . Little is known about the mechanisms that allow differentiation of the two phenotypes and the relative weight of local interactions -lateral inhibition -or asymmetric segregation of phenotypic characters. A comparison of the onset of differentiation of haircells in the avian inner ear has provided conflicting evidence (Goodyear et al., 1995) .
Some hints as to the mechanisms implicated in cell-fate decisions and differentiation may be obtained both from the study of lower vertebrates, which produce hair-cells throughout life and from studies on cell regeneration after acoustic or toxic trauma (see Corwin et al., 1993 for a review). Recent work provides evidence that supportingand hair-cells originate from a common progenitor cell which may be a subclass of supporting cells (Stone et al., 1996; Warchol and Corwin, 1996) . That both cell types arise from an equivalence group is suggested by the fact that supporting cells can transdifferentiate after acoustic trauma into hair-cells (Adler and Raphael, 1996) . In the interpretation of these studies, however, it should be kept in mind that regeneration may use mechanisms in common with development, while not necessarily recapitulating it.
The picture is still far from complete. Establishment of the lineage relationships by single cell-lineage tracing, fate mapping and functional analysis of particular genes is mandatory for the understanding of the generation of cell diversity and functional specialization. In addition, little is known about the specification of the highly-specialized cells in non-sensory areas, such as the secretory cells of the stria vascularis or about the homing of neural crestoriginated melanocytes in the cochlear epithelium.
The innervation of the ear: neurotrophic factors in ear development
The basic plan for the innervation of the ear is believed to consist of: first, the generation of a neuronal population that forms the cochleovestibular ganglion, second, the innerva-tion of the sensory epithelia and finally, the selection of synaptic contacts and maintenance of established connections. Diffusible factors produced by the sensory epithelium are thought to mediate this process, so that cochlear and vestibular neurons are trophically dependent on their targets.
Ammin Hossain et al. (1996) recently provided evidence that early neuroblast migration is stimulated by FGF-2, which is expressed in the ventral aspect of the otic vesicle. Migration of neuroblasts is inhibited by antibodies to FGF-2, even in the absence of exogenous FGF-2, suggesting that a local FGF-2 source is required in the otocyst for neuroblast migration. Other factors such as IGF-I (León et al., 1995b) and the neurotrophins (see below) stimulate proliferation of neuroblasts in the cochleo-vestibular ganglion. Little is known about the factors that induce axogenesis and the molecular basis for the establishment of the initial contacts between sensory neurons and hair-cells. The otic epithelium contains factors capable of attracting growing neurites (Hemond and Morest, 1992) , and a culture medium which has been conditioned by growing otocysts displays neuritogenic activity (Bianchi and Cohan, 1993) , but the nature of these factors is unknown.
The NGF family of factors includes NGF, brain-derived neurotrophic factor (BDNF) and neurotrophins 3, 4 and 5 (NT3, NT4 and NT5), which are structurally-related secreted polypeptides that share about 60% amino acid identity and mediate similar neurotrophic effects (Chao, 1992; Hallböök et al., 1993) . Neurotrophins and their receptors are expressed in the inner ear during development (see Table 1 and Fritzsh et al., 1997 for a review) and display distinct biological effects on the developing cochlear and vestibular ganglia of mouse and avian embryos. These include: (1) neurotrophins are able to stimulate cell-division of isolated CVG during early proliferative periods of development (Represa et al., 1991b; Varela-Nieto et al., 1991) , (2) neurotrophins are able to induce neurite outgrowth in a stagespecific manner, with maximal effects occurring during innervation and synaptogenesis Vazquez et al., 1994) and (3) neurotrophins support survival of isolated neurons in culture Vazquez et al., 1994) or when expressed after infection with viral vectors (Garrido et al., 1996) . Analysis of dissociated neurons from cochlear and vestibular ganglions reveal that, along with survival, neurotrophins are able to rescue many phenotypic properties of neurons. For instance, neurofilaments and MAP proteins are induced differentially by neurotrophins (San José et al., 1997) , expression of calcium channels is maintained in the presence of NT-3 , as are glutamate receptors (Jiménez and Nuñez, 1996) .
The importance of neurotrophins in normal ear development has been further demonstrated by the analysis of mice carrying null mutations for neurotrophic factors (BDNF or NT-3) and their high affinity receptors, the trk proto-oncogene family (Barbacid, 1994; Snider, 1994; Fritzsh et al., 1997) . Loss of function of these genes results in massive cell death and a reduction in the number of cochlear and vestibular neurons. There is specificity in the neurotrophin dependence shown by cochlear and vestibular neurons. Cochlear neurons are dependent mainly on NT-3 and trkC expression, and vestibular neurons require BDNF and trkB. Careful analysis throughout development reveals that inner ear sensory neurons are able to establish peripheral connections in the absence of trkB or trkC expression, but fail to maintain this target innervation, suggesting that neurotrophins are indispensable for securing synaptic contact, but not for its establishment (Enfors et al., 1995; Minichiello et al., 1995; Schimmang et al., 1995) . This points again to the existence of other factors, apart from the neurotrophin family, required to govern proliferation and neurite projection in the ear.
Concluding remarks
We have summarized the available information and discussed some concepts in the development of the inner ear. Particular attention has been drawn to the description of the early processes leading to the formation of the otic vesicle and the possible role of early genes. We are far from understanding the molecular mechanisms that underlie the generation of the ear from a single layer of ectodermal cells. However, a major change in the tools available has taken place during recent years, which allows to imagine and explore the molecular language underlying the generation of form and diversity. New genes with expression domains restricted to the developing ear or to particular phenotypes have been described. This will allow a detailed description of developmental stages in terms of gene expression patterns, and a re-examination of classical experiments on tissue interactions and inductive signals. Viral and microinjection techniques will provide cell-fate mapping, helping to establish the cellular basis of phenotypic selection. Finally, targeted gene disruption, in combination with other experimental studies, should reveal the mode of operation of genes important in ear development.
